Abstract The climate mitigation potential of using logging residues (tree tops and branches) for bioenergy has been debated. In this study, a time-dependent life cycle assessment (LCA) was performed using a single-stand perspective. Three forest stands located in different Swedish climate zones were studied in order to assess the global temperature change when using logging residues for producing district heating. These systems were compared with two fossil reference systems in which the logging residues were assumed to remain in the forest to decompose over time, while coal or natural gas was used for energy. The results showed that replacing coal with logging residues gave a direct climate benefit from a single-stand perspective, while replacing natural gas gave a delayed climate benefit of around 8-12 years depending on climate zone. A sensitivity analysis showed that the time was strongly dependent on the assumptions for extraction and combustion of natural gas. The LCA showed that from a single-stand perspective, harvesting logging residues for bioenergy in the south of Sweden would give the highest temperature change mitigation potential per energy unit. However, the differences between the three climate zones studied per energy unit were relatively small. On a hectare basis, the southern forest stand would generate more biomass compared to the central and northern locations, which thereby could replace more fossil fuel and give larger climate benefits.
Introduction
Climate change is an important issue which needs to be addressed. According to the latest Intergovernmental Panel on Climate Change (IPCC) report, the human-induced emissions of greenhouse gases (GHGs) are the major drivers behind climate change [1] . Reducing GHG emissions is therefore central for mitigating climate change. However, how to reduce these GHG emissions is debated. One proposed strategy is to replace fossil fuels with bioenergy [2] . In the European Union (EU), targets for reducing the release of GHGs have been adopted by the member countries. These goals are referred to as the '20-20-20 ' targets and include a 20 % decrease of the GHG emissions in the EU, and an increase to 20 % of renewable energy, by year 2020 (compared to year 1990) [3] . Sweden has higher mitigation targets during the same timeframe with a 40 % reduction in GHG emissions and a goal to increase renewable energy to 50 % of the total energy consumption. Sweden has furthermore set the target to generate zero net emissions of GHGs by year 2050 [4] .
Sweden already has a relatively high share of bio-based energy (about 23 % including peat) [5] . Forest biomass accounts for a large part, which is commonly used for district heating (DH) [5, 6] . Being the fourth largest country in the EU, measured by land area, where about 70 % is forest land [7] , Sweden has a potential to increase the use of bioenergy from forest biomass. One way is to utilize logging residues (branches and tree tops) from the forest industry, which otherwise would be left in the forest to decompose over time [8] .
However, the climate benefits of using woody biomass for energy have been debated [9] .
Regardless of whether the forest biomass is extracted or left in the forest, the carbon stored in the biomass will be oxidized into carbon dioxide (CO 2 ) by combustion or decomposition. Carbon inputs from the biomass to the soil affect the soil organic carbon content in the forest. The released CO 2 will end up in the atmosphere where it will have an effect on the energy balance on Earth. There is however a difference in the timing of CO 2 emissions between the two processes. During combustion, CO 2 is emitted directly, while decomposition is a slower process that will release CO 2 over a longer period of time. This time aspect is especially important to consider when studying conventional forests with longer rotation periods. The decomposition rate also varies between different climate zones, which have been shown to influence the overall climate impact of a bioenergy system [10] . As Sweden covers several climate zones, with warm-temperate zones in the south and cold-temperate zones in the north, these variations are important to consider. The climate variations are reflected in forest productivity, with the longer growing season in the south resulting in higher productivity than in northern Sweden, where the winters are longer and the growing season shorter.
To determine the climate impact of harvesting logging residues, it is important to study the aspect of time [11] . This can be done by using a life cycle assessment (LCA) method which considers GHG emissions released over the entire time frame of the studied system. LCA is commonly used for assessing the climate impact of bioenergy systems [7, 12] and is a standardised method (ISO 14040/44) for evaluating the environmental impacts throughout the entire lifespan of a service or product [13] [14] [15] . In order to consider the timing of GHG fluxes, a time-dependent LCA method can be used [16] [17] [18] .
Previous studies of logging residues used for bioenergy have shown climate benefits in relation to fossil fuels [7, [19] [20] [21] [22] . In particular, the changes in soil organic carbon (SOC) and the CO 2 fluxes between soil, biomass and atmosphere have been shown to highly influence the result [20, [23] [24] [25] [26] [27] . To model the forest carbon balance, process-based models were used in this study. Climate impact is commonly expressed as radiative forcing (RF), i.e. change in radiative balance of the Earth leading to either a warming or cooling effect on the global temperature. RF can be expressed both as a cumulative climate metric or used as base for calculating global warming potential (GWP). GWP expresses the integrated RF of a gas compared to the integrated RF of another gas (usually CO 2 ) during a fixed time frame [28] , and thus disregards the time-dependency. To consider the timedynamic of biogenic carbon, using the cumulative RF for assessing the climate impact is therefore more appropriate. However, using cumulative RF neglects the inertia of the Earth, i.e. delays in climatic processes. Additionally, it can be difficult for, e.g. policymakers to interpret RF. In order to clarify the interpretation of an LCA regarding the impact on climate, a time-dependent temperature change metric can be used instead.
Since bioenergy is a central part of both Swedish and international climate change mitigation strategies, it is important to study the effects of utilizing forest biomass as a substitute for fossil fuels, in order to increase the knowledge regarding how future energy systems should be designed. The aim of this study was therefore to study the effects of harvesting logging residues for district heating from a single forest stand and the time-dynamic effects on the global temperature. As reference, no harvest took place and fossil fuel (coal or natural gas) was used for heat production. The study included three different forest sites, located in different boreal climate zones. The changes in carbon stocks, including decomposition of biomass, were modelled with a carbon balance model calibrated for Swedish forest conditions. The time frame was set to the 50 years following final felling.
Materials and Method
A time-dependent LCA was performed following the methodology described by Ericsson et al. [16] . The method captures how the climate impact varies over time by considering the yearly flows of energy and GHGs during the whole time frame of the system studied. The three major GHGs, CO 2 , methane (CH 4 ) and nitrous oxide (N 2 O), were used for calculating the time-dependent temperature change. The climate metric GWP was also used, to enable comparisons with the previous studies. The primary energy use and the energy output were used for assessing the energy efficiency of the forest systems. The results were based on the two functional units MJ district heating (DH) (MJ heat) generated during one forest rotation and per hectare of forest area (ha). A larger forest area is required in northern Sweden than in the south to generate the same amount of bioenergy due to the geographical gradient in forest productivity. As a reference system, the same amount of energy was assumed to be produced from fossil fuels during the same year, while the logging residues were left in the forest to decompose. A carbon balance model was used for assessing the carbon fluxes between the soil, biomass and atmosphere.
System Boundaries
This study was limited to three boreal coniferous forest stands representing typical soils and growing conditions in Sweden. The stands were assumed to be located in the regions Jönköping (south), Dalarna (central) and costal part of Västerbotten (north) (Fig. 1) . In all three regions, the study was limited to Norway spruce (Picea abies). The harvest of aboveground energy biomass is generally integrated with the harvest of timber in conventional forestry in Sweden [29] , and therefore, the release of GHG and energy consumed prior to and during final felling was allocated to the production of timber. The management practices and technologies used were assumed to be constant during the whole lifespan of the forest and no improvements were considered. The forest biomass was assumed to be combusted at a DH plant, where there has been a great increase in the use of wood as input fuel during recent years in Sweden [30] . Losses occurring downstream from the DH plant were not included within the system boundaries.
In the inventory analysis, GHG emissions were divided into biogenic CO 2 (bio CO 2 ) and non-biogenic GHG (nonbio GHG) to distinguish between emissions originating from forest biomass (i.e. the decomposition of litter, SOC changes and biomass combustion) and emissions originating from the use of fossil fuel and as a result of incomplete combustion. The bioenergy system was assumed to replace a fossil reference system, where the potential climate benefits were referred to as the substitution effect. The time frame of the study was set to 50 years for the three forest systems, where harvest and combustion only took place during the first year.
System Description
At final felling, branches and tree tops were assumed to be peeled and cut off the tree by a harvester and then left in small piles in the forest. The logging residues were assumed to be collected and forwarded to the roadside for storage [31] . Thereafter, the residues were assumed to be chipped and transported to a DH plant for combustion (Fig. 2) . No harvest was assumed after thinning, and the ash was recycled to avoid nutrient deficits.
Forest Scenarios
The three forest stands included in this study represented different vegetation zones and site productivity rates ( Table 1) . The productivity for each stand was described by a site index based on the maximum tree height achieved at age 100 years (H100) [30] . The decomposition rate varies with climate zone, where the warmer climate in the south is giving rise to faster decomposition compared with northern latitudes.
Reference Systems
Each forest system had a corresponding reference system, which was defined as a forest with no harvest of logging residues. Tops and branches were instead assumed to be left in the forest to decompose. Coal or natural gas was instead assumed to be used as alternative feedstock producing the same amount of DH during the same year.
Carbon Balance
The living biomass of the forest stands was simulated with the Heureka Forestry Decision Support System (Heureka) [32] , which is a series of programmes used for forest planning analysis based on empirical relationships between forest production, forest management, climate and soil productivity conditions. The Heureka system can be used for producing projections of forest growing stocks and age, tree species distribution, recreation index, biomass, yield and carbon content in trees and soils at various scales. The system has been used for forest impact analysis on country level, based on current data from the Swedish National Forest Inventory (NFI) [33] .
In this study, the stand-wise version of Heureka was used for estimating the forest growth for the three scenarios. By using Heureka, different forest managements can be studied, e.g. the establishment of new stands by planting, sowing or natural regeneration, pre-commercial thinning (cleaning), thinning, fertilisation and final felling (clear-cutting). The system is based on empirical relationships of forest growth obtained from earlier studies and national inventory data. The various components used in Heureka are described in detail in Wikstrom et al. [32] .
Assumptions made for the Heureka stand level runs were on the forest productivity, forest management regimes and level of harvest extraction. The soil productivity parameters were used according to Table 1 , which were based on average spruce forest soil conditions from the Swedish National Forest Soil Inventory in the three regions north, central and south of Sweden. The soils were mesic (with a ground water depth of 1 to 2 m) sandy loamy tills. The depth of the soils was more than 70 cm with no water movement occurring.
The specific forest management regime for each of the three regions was applied according to conventional spruce management in Sweden and the specific site productivity. The management regimes were retrieved from the thinning schedule and forest management planning tool INGVAR [34] , which is based on empirical relationships between management options and forest growth for Swedish conditions. To represent the three regions in this study, average values for site productivity and understory cover were calculated based on the NFI and Swedish Forest Soil Inventory [35] .
The levels of harvest residue extraction were based on Peltola et al. [36] . The extraction of the needle residues was 62 % with the restriction that only 70 % is technically feasible to extract leading to an extraction level of 43.4 % for the needles. The branches on the top were assumed to have a level of extraction of 70 %, dead branches on the top 90 % and dead branches 75 %. For the system analysis, the level of technically feasible extraction of 90 and 50 % was tested which is equivalent to that 58.8 % of the needles was extracted in the 90 % scenario versus 31 % in the 50 % scenario. The extracted living branches from the top were 90 and 50 %, the other dead branches were the same as for the 70 % extraction level.
Changes in SOC stocks in Heureka were simulated with the Q model [37] . It has been applied previously in several Swedish studies on management effects in coniferous forest [38, 39] . The Q model simulates decomposition of organic matter and continuously tracks different qualities of organic material that decompose at certain rates depending on the quality of the material at a given time. A refined version of the model that has functions for incorporating decomposition of old organic material and allows for variable climate [40] was used in this study. The parameterisation used in each region was based on the county-wise calibration of the model by Ortiz et al. [41] .
Bioenergy supply chain
Final 
Energy Balance
To quantify the energy efficiency of the bioenergy system, the energy ratio (E r ) was calculated by dividing the total energy produced (E out ) at the DH plant by the total primary energy input (E in ):
This energy efficiency indicator is commonly used for assessing the overall energy output per unit energy input [42] .
Climate Metrics
Two climate metrics were used in this LCA, GWP 100 and global mean surface temperature change. GWP 100 measures the relative radiative effect of a given substance compared with another, integrated over 100 years [28] . Multiplying the net emissions of each GHG by its specific GWP 100 factor converts the emissions into CO 2 -equivalents (CO 2 -eq.), where CO 2 has a GWP of 1 and CH 4 and N 2 O are stronger GHGs, with a respective 28-fold and 265-fold stronger GWP in a 100-year time frame [43] . The CO 2 -eq. for all three GHGs was summed to give the total GWP 100 .
To account for the temporal variations, the timedependent LCA method described by Ericsson et al. [16] was used. It calculates the global mean surface temperature change at a specific time, referred to as ΔT s . When GHGs are released, the atmospheric concentration is altered, which perturbs the energy balance of the Earth. The concentration depends on the atmospheric decay of the specific GHG. The baselines for the atmospheric GHG concentrations were set according to the latest IPCC report (CO 2 390 ppm, N 2 O 324 ppb and CH 4 1803 ppb), which shows the annual global mean during 2011 [44] . To model the atmospheric decay of CO 2 , the Bern carbon cycle model was used [43, 45, 46] . For N 2 O and CH 4 , a simple exponential decay function was used based on the perturbation lifetime of the specific gas. Indirect effects of CH 4 were included by adding the fraction of gas oxidised into CO 2 during the preceding year [43] . The change in GHG concentration leads to a change in RF, which describes the perturbation of the energy balance of the Earth in Wm −2 [47] . RF can be either positive or negative, leading to either warming or cooling of the global temperature. A temperature response function, referred to as the absolute global temperature change potential (AGTP), was used for modelling this change [43] . For a detailed explanation of the method, see Ericsson et al. [16] .
Data Collection and Assumptions

Forest Biomass
For all forest stands, the biomass extraction level was set to 70 % of the available biomass which gave harvest levels of 47.9, 35.3 and 33.5 Mg DM per hectare for the south, central and north of Sweden, respectively. A moisture content of 50 % on a wet weight basis was assumed for the forwarding of the logging residues. The logging residues were thereafter stored for 8 months with a dry matter loss of 1 % per month [48] . The moisture content was set to 45 % on a wet weight basis for the chipping, transportation and combustion [49, 50] .
Transportation
The transportation distances were based on average transportation of forest fuel in Sweden ( Table 2 ). The consumption of fuel was set to 0.58 l diesel per kilometre, which is the average consumption for a vehicle with a full loading rate of 54 % of the distance and a load weight of 34 Mg [51] . The same distance and fuel consumption were assumed for the transportation of forest machines to and from the site. Lubricating oil use for trucks was set to 0.2 % of the diesel consumption [31] .
Forest Operations
Logging residues were assumed to be forwarded to the roadside by an average forwarder (136 kW) with a fuel consumption of 10.8 l per effective hour, including delays shorter than 15 min [52] . A total forwarding time of 8.4 min mg −1 dry matter (DM) was assumed [53] . After storage, logging residues were chipped by a truck-mounted grinder with a fuel consumption of 3.05 l mg −1 DM, including all operations [54] . A chipping loss of 3.6 % was assumed [31] . The loss of biomass was assumed to be released as CO 2 during the first year of the study. Lubricating oil use for forest machines was set to 6 % of the diesel consumption [31] .
Biomass Combustion
The wood chips were assumed to be combusted at a DH plant. A lower heating value (LHV) for dry biomass of 19.2 MJ kg
DM was used [31, 55, 56] , which was adjusted for the specific moisture content by:
where LHV MC is the theoretic heat gained from wood chips with the specific moisture content (MC) excluding water condensation heat, and 2.45 is the latent heat of water vaporisation at 20°C (MJ kg
. A part of the latent heat lost by water, vaporisation can be recovered by flue-gas condensation, which can give efficiency rates over 100 %. To include latent heat recover in this study, the combustion efficiency for wood chips was set to 106 % according to Uppenberg et al. [58] . CO 2 emissions due to the combustion of forest biomass were calculated based on a carbon content of 51 % on a dry basis [49, 50, 59 ]. Emission factors for N 2 O and CH 4 emissions at combustion were set to 0.006 and 0.011 g MJ −1 fuel, respectively, [50] .
Ash Recycling
To avoid soil depletion when logging resides are extracted from the forest, the ash was assumed to be recycled after combustion. According to the Swedish Forest Agency [60] , ash should be recycled if more than 0.5 Mg ash is removed per hectare, and if more than half the needles have been removed from the forest site. The amount of recycled ash varies depending on site index (Table 3 ). In the present study, ash was assumed to be transported back to the forest site and spread using a converted forwarder [61] .
Fossil Reference Systems
To assess the climate impact of the two reference systems (coal and natural gas), emission factors for the production, distribution and combustion were used (Table 4) . Emission factors for the production and distribution of natural gas are representing a European average, based on both imported gas, mainly from Russia and Algeria and gas from Western Europe [55] . Natural gas consists mainly of CH 4 and gives relatively small CO 2 emissions compared with coal, which has higher carbon content. Depending on the proportion of carbon to hydrogen and oxygen, coal combustion generates varying CO 2 emissions [62] . Both these fossil fuels release CH 4 during the extraction and conversion process due to leakages and incomplete combustion [50, 62] . By assuming flue-gas condensation, the combustion efficiency for natural gas was set to 104 % and the efficiency for coal was set to 89 % [58] .
Results
Life Cycle Inventory
Greenhouse Gases
The highest carbon content in soil and litter was found in the southern forest stand and the lowest in the northern stand (Fig. 3) . The removal of forest biomass reduced the carbon content in all three forest stands. However, the difference in carbon stock between the reference scenarios and biomass extraction scenarios declined over time, and 50 years after final felling, the carbon stocks were about the same level, irrespective of whether logging residues were removed or not. This indicates that leaving logging residues at the forest site will release approximately the same amount of CO 2 as when the residues are extracted for bioenergy, with the exception that the emissions will be spread out during the whole forest rotation in the reference scenarios, instead of being released as a pulse emission during the first year after harvesting.
The higher biomass extraction level in southern Sweden gave the largest pulse emission of biogenic CO 2 per hectare due to biomass combustion (Fig. 4) . However, during the following years, the southern forest stand showed the largest decrease in biogenic CO 2 emissions compared with the reference scenario where the biomass remained in the forest. This was because litter decomposed faster in the warmer climate zone of southern Sweden. [66] c Emilsson [61] Among the forest stands, the southern forest generated the highest pulse emission of biogenic CO 2 due to biomass combustion (85 Mg ha ). However, if the logging residues had remained in the forest, the southern forest stand would have released more biogenic CO 2 through litter decomposition and SOC changes, while the central and northern stand would have stored the carbon longer. Therefore, the difference between harvesting and not harvesting logging residues was lower for the southern stand during one forest rotation.
The highest fraction of GHG emissions in all three forest scenarios came from biomass combustion. Emissions of nonbiogenic GHGs due to the use of fossil fuel during the supply chain differed slightly for the three forest systems due to differences in forest sizes and transportation distances (Table 5) .
Energy Performance
On a hectare basis, more primary energy was used in the southern forest stand due to higher productivity and thereby higher biomass extraction level ( Table 6 ). The southern forest system also gave the highest energy output per hectare and thereby the highest energy ratio (43, compared with 42 and 41 for the central and northern stand, respectively). In the corresponding reference systems, equal amounts of DH were assumed to be produced. Yearly differences in biogenic carbon dioxide (Δbio CO 2 ) release between harvesting logging residues (bioenergy system) and leaving them to decompose in the forest (reference system), during the 50 years following a single harvest. Δbio CO 2 includes decomposition of logging residues, changes in soil organic carbon and combustion of forest biomass. Positive values indicate that harvesting logging residues for bioenergy emitted more biogenic CO 2 than the reference system (due to biomass combustion in year one), and negative values indicate that the bioenergy system emitted less bio CO 2 compared with the reference (due to higher decomposition of remaining biomass)
Life Cycle Impact Assessment
Global Warming Potential
The GWP 100 for the processes included in the supply chain of logging residues was approximately 3.5-3.6 g CO 2 -eq.MJ
heat produced for the three forest stands. Including the net effect of biogenic carbon fluxes, 50 years after final feeling gave a total GWP 100 of 13-25 g CO 2 -eq.MJ −1 heat, where the southern forest stand gave the lowest warming potential (Fig. 5) . The GWP 100 for coal and natural gas was about 130 and 70 g CO 2 -eq.MJ −1 heat, respectively. If the coal ref-
erence systems would be replaced by logging residues, the potential GWP 100 savings would be 80-90 % for the three forest stands. The corresponding values for natural gas would be 60-80 %, where the southern forest stand would give the highest saving potential.
Temperature Response
The climate impact assessment showed that bioenergy from the southern stand gave the lowest warming effect when only considering the biogenic CO 2 balance, followed by the central and the northern forest stand (Fig. 6) . The temperature response of harvesting logging residues for bioenergy in the three regions showed the highest warming effect after the biomass combustion. After time, as the carbon stored in the biomass would have been released anyway through decomposition, the temperature response declined. If coal was replaced by logging residues for DH production, there would be an immediate climate mitigation effect, and the largest climate benefit would be gained if logging residues from the southern forest system were used. Unlike the coal reference system, it would take around 8-12 years before replacing natural gas with bioenergy would have a climate mitigating effect, viewed from a single-stand perspective (Fig. 7) .
Sensitivity Analysis
Greenhouse gas emissions from the use of natural gas can vary due to both the composition of the gas, and because of differences in the production and distribution chain. A major source is methane leakage during the distribution chain. To study this uncertainty, a sensitivity analysis was performed where emission factors of natural gas were varied. When lower emissions factors based on natural gas from the North Sea fields were used [63] , the climate mitigating potential of replacing natural gas with logging residues was shown to be delayed by about 8 years (Fig. 8) . The largest difference between the emission factors was the amount of methane emitted during the production and distribution of the gas.
The biomass extraction level was also varied in a sensitivity analysis. On a hectare basis, extracting 90 % of the biomass from the southern forest stand gave a higher pulse emission of biogenic CO 2 due to biomass combustion, than when the biomass extraction level was decreased to 50 % (Fig. 9) . The higher extraction level would lead to a higher climate mitigation potential on a hectare basis, since more fossil energy could be substituted (approximately 560-960 GJ heat ha
−1
). However, on an energy basis, the differences in temperature response between the three extraction levels were minimal since the reference scenario and decomposition rate were the same in all three cases.
Discussion
In conventional LCA, bioenergy has commonly been considered as carbon neutral. To enable comparisons with the previous studies of logging residues, the biogenic carbon fluxes have therefore been excluded in the following comparison. Producing DH from woody biomass from the three forest stands emitted approximately the same amounts of CO 2 , CH 4 and N 2 O per unit of fuel, not including emissions from combustion (2, 0.0008 and 0.00007 kg MJ −1 fuel, respectively). This can be compared with the emission factors presented in Gode et al. [55] (1.9, 0.00014 and 0.000064 g MJ −1 fuel, respectively). The GWP 100 of the three forest systems was approximately 3.7-3.8 g CO 2 -eq.MJ −1 fuel, only including non-biogenic GHG emissions from forwarding, chipping, transportation, ash recycling and combustion. Previous studies have shown GWP in the range of 1.8-11 g CO 2 -eq.MJ
fuel [10, 19, 20, 55] . However, comparing the results from different LCA studies are often problematic due to differences in system boundaries, functional unit and choice of allocation.
A disadvantage with the climate metric GWP is that it does not consider the timing of the emissions, which makes inclusion of biogenic carbon problematic. In this study, the net effect of biogenic carbon 50 years after final felling was included in the GWP 100 (Fig. 5) . However, if another timeframe would have been chosen, this value might have been different. Therefore, the choice of timeframe is highly important when including biogenic carbon in GWP. A time-dependent climate metric, as temperature response, is more useful by displaying how the climate impact varies over time, which can help to avoid misinterpretations.
The results showed that due to higher forest productivity in the warmer climate zone of southern Sweden, more biomass could be extracted for bioenergy. This gave higher CO 2 pulse emissions per hectare due to the combustion of biomass during year one (Fig. 4) . However, if the logging residues remained in the forest, the biomass would decompose faster in the south than in the colder central and northern regions. This means that Net temperature effect (ΔT s ) during the first 50 years following a single harvest for the southern, central and northern forest stands, where the bioenergy curves include biogenic carbon dioxide emissions from biomass combustion, changes in soil organic carbon and decomposition of forest litter, and non-biogenic greenhouse gas emissions from the supply chain. The two fossil reference systems (coal and natural gas) include non-biogenic greenhouse gases during the remaining years of the forest rotation, the southern forest would emit more CO 2 due to decomposition if the logging residues were not harvested. As a result, the climate mitigation effects per unit of DH produced during one forest rotation from one forest stand would be larger when logging residues are harvested in the south of Sweden, which agrees with the conclusions found in Repo et al. [10] . The life cycle impact assessment showed that the average yearly temperature change during the 50 years following the harvest of logging residues was 0.024, 0.030 and 0.032 10 −15 K MJ −1 heat for the southern, central and northern forest stands, respectively, when logging residues were harvested for bioenergy, not including the substitution effect of replacing fossil fuel. This is comparable to the average temperature change of 0.021-0.028 reported by Zetterberg and Chen [18] , which was calculated on a 100-year time frame. The climate impact of harvesting logging residues for bioenergy was shown to vary to a relatively small degree between the three forest stands, indicating that climate zone has a minor impact on the temperature response per unit of heat produced during one forest rotation. However, the rotation length varies between the three regions studied here (70, 90 or 120 years), which means that the southern forest stand can generate more DH during a given period than the northern forest stand. If the climate impact was calculated on a hectare basis, the climate mitigation potential would be greater in southern Sweden, since a smaller forest area is needed to produce a given amount of DH than in central or northern Sweden. In other words, it is more land use-efficient to harvest logging residues in the warmer climate zones of Sweden, as also reflected in the higher energy ratio ( Table 6 ). The primary energy use in the present study was in the range 24-26 kJ MJ −1 fuel for all forest stands. This is in line with the energy use reported by Lindholm et al. [31] (27 kJ MJ −1 fuel).
The magnitude of the climate mitigation potential of bioenergy depends on the fossil fuel replaced. Natural gas is delivered to southern Sweden by pipeline from Denmark, and the gas supply only reaches a limited part of the country. However, even though natural gas may not be a realistic alternative for northern Sweden today, it is still useful for a general comparison between the fuels. In this study, replacing coal showed an instant climate mitigation effect, whereas natural gas gave a delayed effect of 8-12 years. Previous studies with similar system boundaries have shown delayed climate mitigation effects in the range of 4-50 years when replacing natural gas [7] . The delayed climate mitigation effect when replacing natural gas with logging residues was shown to be highly dependent on used emission factors (Fig. 8) .
The climate mitigation potential of varying the biomass extraction level was assessed in a sensitivity analysis. When the harvesting level was altered by ±20 %, it was found that the climate mitigation potential was enhanced with higher biomass removal on a hectare basis, since the bioenergy replaced more fossil fuel. However, increasing the harvesting level may affect future forest productivity as a consequence of soil nutrient removal. Moreover, it may have a negative impact on biodiversity. This LCA was performed from a single-stand perspective, where the forest biomass was assumed to be harvested during 1 year. This perspective was used to study how the climate gradient in Sweden influences the temperature change potential when logging residues were harvested. The assessment showed that the largest difference between the three studied regions was between the southern climate zone (hemiboreal) and the two northern zones (southern and northern boreal). An alternative perspective would be to use a landscape-view, which assumes that a part of the managed forest area is harvested each year to provide a continuous flow of biomass [64, 65] . Studies using a landscape-level approach have shown that continuous removal of forest biomass could result in a permanent decrease in forest carbon stocks [12] . This study shows that the climate benefits of substituting fossil energy outweigh the decreased carbon stock, from a stand-view perspective.
Conclusions
The main conclusions from the present study were that (1) harvesting logging residues for energy generate high biogenic CO 2 emissions due to biomass combustion, although this CO 2 would otherwise be released over a longer time period through decomposition; (2) even though the harvest of logging residues gave slightly decreased soil carbon content after 50 years from harvest, the logging residue system gave lower warming potential compared to the fossil fuel alternatives; and (3) that replacing coal with logging residues would give an immediate climate benefit from a forest stand perspective, while replacing natural gas would give a delayed climate benefit of around 8-12 years depending on climate zone. The climate mitigating potential was shown to be highly dependent of used emission factors, and the delayed climate benefits of replacing natural gas with logging residues was about 8 years longer when alternative emission factors were used in a sensitivity analysis. This time-dependent LCA also showed that from a singlestand perspective, harvesting logging residues for bioenergy in southern Sweden would give slightly higher climate benefits per unit of DH produced during one forest rotation than harvesting logging residues in central and northern Sweden. On a hectare basis, the climate benefits of the southern forest stand would be larger, since it generates more biomass per forest stand, which could replace more fossil fuel and thereby give a larger avoided rise in global temperature compared with fossil energy.
